ABSTRACT
, and together these exosite interactions increase the rate of substrate cleavage by at least ~300-fold. Internal deletion of Gln 1624 -Arg 1641 minimally affected the rate of cleavage, indicating that ADAMTS13
does not require a specific distance between the scissile bond and auxiliary substrate binding sites. Smaller deletions of the P2-P9 or the P4'-P18' residues on either side of the For personal use only. on . by guest www.bloodjournal.org From
INTRODUCTION

ADAMTS13 is a member of the "A Disintegrin-like And Metalloprotease with
ThromboSpondin repeats" family, and it consists of a metalloprotease domain (M), a disintegrin-like domain (D), a thrombospondin type 1 repeat (TSP1, T), a Cys-rich domain (Cys, C), a Spacer domain (Spacer, S), seven additional TSP1 repeats, and two CUB domains ( Figure 1A) . [1] [2] [3] The only known ADAMTS13 substrate in vivo is von
Willebrand factor (VWF), a multimeric plasma protein that mediates platelet adhesion at sites of vascular injury. Excessive cleavage of VWF causes von Willebrand disease type 2A, an inherited bleeding disorder. 4 Conversely, failure of ADAMTS13 to cleave VWF causes thrombotic thrombocytopenic purpura, 1, 5, 6 which is usually lethal unless ADAMTS13 activity can be restored.
ADAMTS13 and its substrate, VWF, are trace components in the blood, present at concentrations at least 10,000-fold lower than the total plasma protein concentration.
Even though ADAMTS13 is constitutively active 7 and has no known inhibitors in vivo, it cleaves only VWF. This remarkable specificity is critical for hemostasis and depends on several mechanisms. Tensile force on VWF unfolds the A2 domain and exposes the Tyr 1605 -Met 1606 scissile bond, 8 which appears to be buried within the native, folded structure of the protein. 9 Cofactors that bind VWF facilitate recognition by ADAMTS13. 10 Finally, interactions between VWF and several ADAMTS13 exositessubstrate binding sites distant from the active site -enhance protease activity.
ADAMTS13 domains distal to the Spacer are required to recognize and cleave VWF multimers under conditions of high fluid shear stress. [11] [12] [13] In addition, the proximal MDTCS domains ( Figure 1A ) are necessary under all conditions, and they are sufficient
For personal use only. on . by guest www.bloodjournal.org From 4 for many substrates that do not depend on fluid shear stress to expose the scissile bond. 11, 14, 15 The ADAMTS13 metalloprotease domain recognizes the Tyr 1605 -Met 1606 bond of VWF and an exosite in the Spacer domain binds a C-terminal segment of the A2 domain that is ∼60 residues distant. Consequently, the intervening "DTC" domains ( Figure 1 ) are candidates to bind intervening segments of VWF domain A2. In fact, C-terminal truncations of ADAMTS13 after the S, C, T, D and M domains cause progressive decreases in protease activity. 11, 12, 16 Similarly, decreasing the length of peptides derived from the C-terminus of the VWF A2 domain causes a progressive decrease in their potency as ADAMTS13 inhibitors. 17 These data indicate that the MDTCS domains of ADAMTS13 interact with an extended segment of VWF domain A2.
To characterize ADAMTS13 exosites and their corresponding binding sites on VWF, we prepared a series of ADAMTS13 and VWF variants for kinetic analysis. The results indicate that several ADAMTS13 domains interact with distinct sequences on an extended segment of VWF domain A2. Each of these interactions is relatively weak, but together they cooperate to enhance ADAMTS13 substrate specificity, which is critical for hemostasis.
MATERIALS AND METHODS
ADAMTS13 Substrates
The preparation of GST-VWF73 and GST-VWF64 was described previously. 16, 18 Plasmids encoding GST-VWF46, GST-VWF35, GST-VWF28, GST-VWFd5, GSTVWF73nl, and GST-VWF106nl ( Figure 1C and 1D Biosciences, Piscataway, NJ). Internal deletions were created with one primer for each construct in a single cloning step using a QuikChange XL site-directed mutagenesis kit (Stratagene) and primers 5'-ACGTGCAGGAGCTGGAGAG-GGAGGCTCCTGACCT-GGTGC-3' (pGST-VWFd1), 5'-ACGTGCAGGAGCTGGAGAGGGACTTTGAGAC-GCTCCCCC-3' (pGST-VWFd2), 5'-AGAGGCTGCCTGGAGACATCATTGGCTG-GCCCAATGCCC-3' (pGST-VWFd3), and 5'-ACCTGGTCTACATGGTCACCCA-GGTGGTGCCCATTGGAGTGG GC-3' (pGST-VWFd4). GST fusion proteins were expressed in Escherichia coli BL21 and purified by chromatography on Ni 2+ -NTA and glutathione-agarose (Amersham Biosciences) as described. 16, 18 Protein concentration was determined using a BCA total protein assay kit using a bovine serum albumin standard (Pierce, Rockford, IL).
To obtain peptide substrates, GST fusion proteins were cleaved with a modified recombinant rhinovirus 3C protease (PreScission protease, Amersham Biosciences) and the C-terminal peptide products were purified by HPLC as described. 16 Peptide concentrations were determined by amino acid analysis and absorbance at 280 nm.
Substrates were stored at -80°C.
Recombinant Human ADAMTS13 Variants
Human ADAMTS13 (FL) and variants truncated after the Spacer domain (MDTCS), Cys-rich domain (MDTC), first TSP1 repeat (MDT), disintegrin domain (MD), and metalloprotease domain (M) with a C-terminal V5 tag and 6×His tag were expressed in stably transfected T-REx 293 cell lines and quantitated in conditioned medium by
Western blotting with anti-V5 antibody, standardized with V5-tagged Positope reference protein (Invitrogen) as described. 14, 16, 19, 20 For personal use only. 
To confirm that pseudo-first order conditions prevailed, data were analyzed for several time points and several substrate concentrations.
Homology Model of ADAMTS13 MD Domains
The metalloprotease and disintegrin domains of ADAMTS13 (residues 75-374) and ADAMTS4 (residues 213-509) were aligned with Megalign (DNASTAR, version 7.1) using the Clustal W algorithm. The structure of ADAMTS13 was modeled based on this alignment (31% identity) and the crystallographic structure of ADAMTS4 (2rjp chain A) 22 , using the SWISS-MODEL automated protein modeling server.
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RESULTS
C-Terminal Deletion Substrates
Efficient cleavage of VWF requires the ADAMTS13 Spacer domain to interact with the Glu 1660 -Arg 1668 segment from the C-terminal end of the VWF A2 domain. [16] [17] [18] However, This difference is particularly evident for the 5 hour time points. Therefore, the first TSP1 domain of ADAMTS13 may interact with VWF residues Gln 1624 -Val 1630 , which are present in GST-VWF35 and absent from GST-VWF28.
Internal Deletion Substrates
To validate the results obtained with C-terminal truncations, substrates based on GST-VWF73 were prepared with internal deletions ( Figure 1C) . GST-VWFd1 lacks residues Qualitatively similar results were obtained when these substrates were incubated with ADAMTS13 in human plasma. Under conditions such that GST-VWF73 was cleaved completely, the extent to which other substrates were cleaved decreased in the order: GST-VWFd3 (∼80%), GST-VWFd2 (∼50%), GST-VWFd1 (∼20%), and GSTVWFd4 (0%) ( Figure 3B ).
Kinetic Analysis of VWF-ADAMTS13 Interactions
The Western blotting data provide some insight into how ADAMTS13 recognizes its substrates, but the method is inherently imprecise and cannot give precise information about reaction rates. Therefore we employed a MALDI-MS assay for quantitative kinetic analysis. GST fusion substrates were incubated with a recombinant rhinovirus 3C
protease to remove the GST moiety ( Figure 1B) . Cleavage of the resultant peptides by ADAMTS13 generates an N-terminal 1,615-Da product that was detected and quantitated (Figures 2 and 3) .
The results show that several ADAMTS13 domains contribute to substrate recognition ( Table 1 
Fidelity of Substrate Cleavage
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From Amino acid residues of peptidyl substrates are conventionally numbered P1, P2, P3, and so on, from the scissile bond toward the N-terminus, and P1', P2', on the C-terminal side of the scissile bond. 24 All substrates analyzed by mass spectrometry that were cleaved detectably by ADAMTS13 gave rise to the same 1615-Da product, demonstrating that all were cleaved at the expected P1-P1' bond (Tyr 1605 -Met 1606 ). Deletion of either residues P4'-P18' (substrate VWFd4) ( Figure 3A) or P9-P2 (substrate VWFd5) ( Figure 4A) prevented cleavage. In addition, ADAMTS13 substrates beginning with Arg 1597 are cleaved correctly. 25 26 The variation in these results may reflect other differences in assay conditions.
Role of N-Terminal Sequences
To examine the role of N-terminal sequences in VWF cleavage, we constructed two GST fusion substrates with N-terminal extensions to Asp 1587 (GST-VWF73nl) or Glu 1554 (GST-VWF106nl) but lacking the C-terminal Glu 1660 -Arg 1668 segment ( Figure   1D ). Eliminating the distal segment reduces the dependence of cleavage on high-affinity When assessed by Western blotting, recombinant or plasma ADAMTS13 cleaved GST-VWF64 and GST-VWF73nl at comparable rates, but cleaved GST-VWF106nl more slowly ( Figure 4B) . After removal of the GST moiety, these substrates were incubated with recombinant ADAMTS13 and the products analyzed by MALDI-TOF MS. 
DISCUSSION
Our results support a linear correspondence between domains of ADAMTS13 and their interaction sites in VWF domain A2 (Figure 5A) . The best characterized of these interactions involves the C-terminal end of the VWF A2 domain, particularly helix α5, 18 and an exosite in the ADAMTS13 Spacer domain. 16 This model needs to incorporate one additional feature of the kinetics analysis.
Enzyme MD cleaves VWF64 ∼27-fold faster than VWF46 ( Figure 4C ) or beyond are inhibitory, 18, 26 probably because longer substrates acquire secondary structure that impedes access to the scissile bond. For example, NMR spectroscopy suggests that VWF73 has an extended conformation in solution, 27 whereas circular dichroism spectroscopy indicates that the intact A2 domain contains extensive β-sheet and α-helical structure. 28 Within or near these short segments, some residues can be varied without preventing cleavage ( Figure 5B ). For example, VWD type 2A mutations between P9-P9'
can increase the cleavage of mutant VWF. 26, [29] [30] [31] [32] A polymorphism (Pro/Thr 1601 ) has been described at position P5, although whether it affects ADAMTS13 cleavage is not known. 33 ADAMTS13 readily cleaves the substrate FRETS-VWF73 despite the presence of N-methylanthranylate and 2,4-dinitrophenyl substituents at positions P7 and P5', respectively. 34 Finally, Ala substitutions at P9', P10' and P12' slow the rate but do not alter the site of cleavage. 26 Therefore, critical determinants of substrate cleavage by the ADAMTS13 MD domains probably reside between P4-P7', but may extend as far as P18'.
Our most unexpected finding was that distinct ADAMTS13 binding sites on VWF domain A2 are, to some extent, modular and portable. In particular, efficient substrate cleavage does not depend on a fixed spacing between the scissile bond and distal sequences that bind the ADAMTS13 Cys-rich and Spacer domains. The ability to accommodate a large change in substrate structure suggests that ADAMTS13 is relatively flexible and can alter the relationships among the distal domains that bind VWF. Similar modularity has been demonstrated for the related ADAMTS4 and ADAMTS5 proteases, which use their Cys-rich and Spacer domains to bind glycosaminoglycans chains on aggrecan while their metalloprotease domains cleave nearby peptide bonds. [35] [36] [37] The mobility of ADAMTS13 structural domains may be generally important for substrate recognition. It seems likely that fluid shear stress in vivo induces a spectrum of conformational changes in VWF rather than one well-defined substrate structure. In that case, stretched VWF multimers may expose a varying number of binding sites for ADAMTS13, arrayed in a variety of contexts and combinations. Sites within VWF domain A2 interact with proximal MDTCS domains ( Table 1) . 16 However, the cleavage of VWF multimers also requires interactions with distal TSP1 and CUB domains, [11] [12] [13] dinitrophenyl. 34 Alanine substitutions at three positions reduce the rate of VWF cleavage. 26 Substrates with deletions VWFd4 and VWFd5 ( Figure 1C) have the sequences shown, with altered residues in lowercase and preserved residues in uppercase, and neither substrate is cleaved detectably.
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